Abstract Glucocorticoids affect learning and memory but the cellular mechanisms involved are poorly understood. The present studies tested if the stress-responsive glucocorticoid receptor (GR) is present and regulated within dendritic spines, and influences local signaling to the actin cytoskeleton. In hippocampal field CA1, 13 % of synapses contained GR-immunoreactivity. Three-dimensional reconstructions of CA1 dendrites showed that GR aggregates are present in both spine heads and necks. Consonant with evidence that GRα mRNA associates with the translation regulator Fragile X Mental Retardation Protein (FMRP), spine GR levels were rapidly increased by group 1 mGluR activation and reduced in mice lacking FMRP. Treatment of cultured hippocampal slices with the GR agonist dexamethasone rapidly (15-30 min) increased total levels of phosphorylated (p) Cofilin and extracellular signal-regulated kinase (ERK) 1/2, proteins that regulate actin polymerization and stability. Dexamethasone treatment of adult hippocampal slices also increased numbers of PSD95+ spines containing pERK1/2, but reduced numbers of pCofilinimmunoreactive spines. Dexamethasone-induced increases in synaptic pERK1/2 were blocked by the GR antagonist RU-486. These results demonstrate that GRs are present in hippocampal spines where they mediate acute glucocorticoid effects on local spine signaling. Through effects on these actin regulatory pathways, GRs are positioned to exert acute effects on synaptic plasticity.
Introduction
Glucocorticoids exert a wide range of effects on hippocampal neurons including regulating gene expression, cell survival, AMPA receptor cycling, dendritic morphology, and synaptic plasticity [1] [2] [3] . While many of these effects depend upon changes in gene expression and require some time to occur (i.e., >15-30 min), there is mounting evidence that the hormone also has rapid, non-genomic actions [4, 5] such as the modulation of Ca 2+ currents [6] , glutamatergic transmission [7] , and p38 MAPK signaling [8] .
Corticosterone, the glucocorticoid in rodent, acts on both mineralocorticoid and glucocorticoid receptors (GRs), in concentration-dependent fashions. Genomic effects of the steroid are mediated by receptors in the cytosol, whereas non-genomic actions are thought to occur via interactions with membrane-bound receptors and involve G proteindependent mechanisms and downstream kinases ( [9] for review). Although GRs have been localized to neuronal cell bodies and dendrites, few studies have examined the synaptic localization of this receptor. Johnson et al. [10] found GRs are present in dendritic spines in the lateral amygdala, whereas Komatsuzaki et al. [11] identified GRs in hippocampal synaptosomal fractions. Although the latter would include dendritic spines, in addition to presynaptic elements, definitive evidence for spine localization of the GRs in hippocampus is lacking. A recent study identified GRα mRNA as a target of the local translation regulatory protein FMRP [12] suggesting that, within spines, GR levels may be regulated by local protein synthesis, but this has yet to be examined. Ultimately, more information on the localization and regulation of GRs in hippocampal dendritic spines is needed to understand how this receptor exerts its complex effects on synapse function and enduring synaptic plasticity in this structure [13] .
Evidence that glucocorticoids can suppress hippocampal long term potentiation (LTP) [14] [15] [16] [17] suggests that the hormone may act locally through GR receptors on dendritic spines to influence mechanisms of plasticity. Activitydependent remodeling of the dendritic spine actin cytoskeleton is now appreciated to be critical for enduring LTP in hippocampus [18] [19] [20] . In non-neural cells, glucocorticoids modulate actin networks via signaling through the Rho GTPases RhoA [21, 22] and Rac [23] . These same cascades are activated in dendritic spines with induction of LTP and are critical for local, activity-induced increases in the polymerization and stabilization of F-actin [19, 30] , but the proximity of the GRs to these events and the influence of glucocorticoids on spine actin remodeling in mature neurons are not known.
The present study addressed these issues and, specifically, for hippocampal field CA1 examined the localization and regulation of GR in dendritic spines, and the mechanisms by which glucocorticoids influence the spine actin cytoskeleton. We find GR aggregates are indeed present within pyramidal cell dendritic spines and that receptor levels are regulated by group 1 mGluR activation, suggesting that activity regulates GR levels at glutamatergic synapses. Additionally, we demonstrate that via the GRs, glucocorticoids engage signaling pathways that regulate spine actin networks.
Materials and Methods

Animals and Tissue Preparation
Unless otherwise stated, studies used adult (2-4 months old) male Sprague-Dawley rats or C57BL/6 mice. Some experiments examined effects of the absence of FMRP on GR content; these used adult (3-month-old) male C57BL/6 Fmr1 knockout and wild-type mice [24] . Analyses of immunolabeling within specific dendritic compartments employed adult male mice that express enhanced green fluorescent protein (GFP) under control of the Thy-1 promoter in scattered CA1 hippocampal neurons (i.e., line M of [25] ). Because levels of circulating corticosterone follow a circadian rhythm with concentrations being lowest at the beginning of the light cycle and rising to maximal levels at the beginning of the dark cycle [26] , all animals were killed between 9 and 10 A.M. early in the light cycle (starts 6 A.M.). To mitigate the potential for stress at time of sacrifice, animals were rapidly (within 2-3 min) anesthetized and killed. Efforts were made to minimize numbers of animals used, and all procedures were conducted in accordance with NIH guidelines and were approved by the Institutional Animal Care and Use Committee.
For immunofluorescence studies, animals were killed by isoflurane anesthesia and decapitation. Brains were removed, frozen by immersion into −50°C 2-methylbutane and cryostat sectioned (20 μm, coronal plane) through hippocampus. Spaced series of sections were collected onto Superfrost slides (Fisher Scientific), fixed in −20°C methanol for 20 min, rinsed in 0.1 M phosphate buffer, pH 7.2 (PB), air-dried, and stored at −20°C until use. For studies using GFP-expressing mice, animals were perfused with 4 % paraformaldehyde in PB; brains were postfixed overnight and then cryoprotected in 30 % sucrose in 4 % paraformaldehyde. Tissue was sectioned on a freezing microtome through the septal third of hippocampus (30 μm, coronal) and a spaced series was collected into 0.1 M PB for immunofluorescence analysis.
Acute Hippocampal Slices
Transverse hippocampal slices (350 μm thick) were prepared from 1 month old male rats as described [19] . Slices were cut into ice-cold artificial cerebrospinal fluid (ACSF; in mM: 124 NaCl, 3 KCl, 1.25 KH 2 PO 4 , 2.5 CaCl 2 , 1.5 MgSO 4 , 26 NaHCO 3 , and 10 dextrose, pH 7.4), distributed across two interface recording chambers and maintained at 31±1°C with the upper surface exposed to humidified 95 % O 2 /5 % CO 2 ; ACSF was constantly perfused at a rate of 60-70 ml/h. Slices equilibrated in the chamber for 2 h before treatment. Dexamethasone (DEX) was added to the tissue bath via a second perfusion line to attain a final 5 μM concentration; slices were treated for 5, 15, or 30 min as indicated in the experimental results. Control slices received vehicle-ACSF treatment and were collected at 30 min; this time point was selected because preliminary studies indicated no difference in immunostaining between 5 and 30 min vehicle-controls. Immediately following treatment, slices were collected into cold 4 % paraformaldehyde and fixed overnight (4°C) prior to sectioning (25 μm) and processing for double immunolabeling.
Double-Labeling Immunofluorescence
Tissue was processed for dual immunofluorescence as described [19, 27] . A rabbit antiserum directed against the N terminus of mouse GR (M20; 1:400; #sc-1104, Santa Cruz), which recognizes both GRα and GRß subunits, was used. The M20 antibody was chosen for the present work because it has been shown to have greater specificity for cytoplasmic, as opposed to nuclear, GR in rat hippocampal cells as compared to other antibodies [28] . The anti-GR antibody was used in combination with mouse antisera to the post-synaptic density (PSD) protein PSD95 (1:1,000; #1-054 Affinity BioReagents/Thermo Fisher Scientific), the lipid raft component flotillin (1:200, #610802, BD Biosciences) [29] , or the synaptic vesicle protein synaptophysin (1:1,000, #S5768, Sigma-Aldrich). For other studies, a cocktail of either rabbit anti-phosphorylated (p-) Cofilin Ser3 (1:100; #ab12866, Abcam) or rabbit anti-pERK1/2 Thr202/Tyr204 (1:500, #4370, Cell Signaling) in combination with mouse anti-PSD95 (1:1,000; #1-054) was used. Tissue was incubated in the primary antisera cocktail overnight, rinsed in PB, and then incubated in a secondary antisera cocktail containing anti-mouse Alexafluor-488 and anti-rabbit Alexafluor-594 (1:1,000 each, Invitrogen) for 1 h. The diluent for both primary and secondary incubations was PB containing 4 % BSA and 0.3 % Triton X-100, and incubations were conducted at room temperature. Following final washes in PB, the tissue was coverslipped with Vectashield containing DAPI (Vector Labs).
Analysis of Double Immunolabeling
Analysis of immunofluorescence double-labeling in stratum (str.) radiatum of hippocampal field CA1 was conducted as previously described in numerous studies [19, [30] [31] [32] [33] [34] . The studies focused on field CA1 because glucocorticoids have been shown to influence both spine measures [11, 35, 36] and LTP [15, 16, 37, 38] in CA1 and, among the hippocampal subfields, activity-induced signaling to spine filamentous (F-) actin has been most extensively studied [19] . Image Z-stacks of the 105×136 μm sample field were collected through a depth of 3 μm at 0.2 μm steps (42,840 μm 3 total sample field size) using a Leica DM6000 epifluorescence microscope with a 63× objective. For analysis of brain tissue sections, approximately 15 image stacks were collected from 6 to 8 sections per brain for each antisera combination. For analysis of hippocampal slices, 10 image stacks from 5 tissue sections were evaluated. Image stacks were processed for iterative deconvolution (Volocity 4.1; Perkin Elmer) and then in-house software was used to construct three-dimensional (3D) montages and to quantify double-labeled (e.g., both GR-and PSD95-immunoreactive) or single-labeled puncta as detailed in Rex et al. [19] and Chen et al. [30] [31] [32] ; these earlier studies from our laboratory used the protocol for identifying and assessing specific proteins of interest in PSD95-immunopositive spines. Briefly, image Z-planes were normalized to 30 % of maximum background intensity and iteratively binarized at regular intensity thresholds using exclusion criteria for object size and ellipticity (optimized for spine detection), followed by dilation and erosion filtering. Repeated observations were binned and analyzed to assess object boundaries and to discriminate neighboring objects; this process accurately identifies both faintly and densely labeled objects. Finally, objects were reconstructed in 3D to calculate volume and position. For each image Z-stack, both immunolabels were evaluated independently and labeled objects were considered colocalized if any of their boundaries overlapped as evaluated in 3D. Counts of single-and double-labeled puncta across tissue sections were averaged to produce individual animal or hippocampal slice means that were then averaged to generate the group mean±SEM values presented in the text and figures.
Confocal Microscopy and 3D Reconstructions in GFP-Expressing Mice
Tissue sections through hippocampus were processed for dual immunolabeling using rabbit anti-GR (1:400; #sc-1104) and chicken anti-GFP (1:1,000; #ab13970, Abcam) followed by secondary incubation in anti-chicken Alexafluor-488 and antirabbit Alexafluor-594 (1:1,000) as described above. After final PB rinses, the sections were slide-mounted and coverslipped with Vectashield. Immunohistochemical labeling of GPF was used to enhance visualization of the fluorophore in spine necks.
Image Z-stacks were collected using a Zeiss 710 confocal microscope at Nyquist rate with a 63× objective. Lasers were set at 488 and 561 excitation wavelengths to optimally visualize the two emissions while excluding overlap and, thus, bleed through. Images of GFP-labeled secondary dendrites of CA1 pyramidal neurons were collected at 0.13 μm focal steps through the entire depth of each dendrite. Seven dendrites from three mice were evaluated for each of three mice. The image stacks were deconvolved for 10 iterations using AutoQuant (v2.10; MediaCybernetics) and 3D renderings of the dendrites were made using Imaris (v7.1.0; Bitplane Inc.). Builds of the GFP-labeled dendrites were used as a mask for the red (GR) channel, and all red labeling not encompassed by the dendritic build was eliminated. For quantification, a volumetric build was created for all red intensities and then counts of these labeled profiles in spine heads and necks were conducted manually.
Cultured Hippocampal Slices
Hippocampal slice cultures were prepared from postnatal day (P) 8-9 Sprague-Dawley rat pups of both sexes and explanted onto Millipore culture inserts as described [34] . Slices were maintained in culture at 37°C with 5 % CO 2 for 10-12 days in medium containing 20 % horse serum (pH 7.2). The day before treatment, the cultures were transferred to serum-free medium. The cultures were treated with 5 μM DEX in serum-free medium for 15 min to 1 h, and immediately collected into frozen microcentrifuge tubes for subsequent protein measures by western blotting. At treatment, the DEX-containing medium was briefly (∼10 s) washed over the cultures and then moved by pipette to the bottom of the tissue culture well for the duration of the treatment period. For controls, tissue was similarly treated with serum-free medium.
Synaptoneurosomes
Male and female P18-21 Sprague-Dawley rats were used to prepare synaptoneurosomes (SNS) using the ficoll gradient technique as described in detail elsewhere [39] . Sample protein contents were adjusted to 1.5 μg/μl before treatment of SNS aliquots with 20 μM (RS)-3,5-dihydroxyphenylglycine (DHPG) or ACSF for 5 min, or with ACSF or RU-486 (1 μM) for 5 min followed by DEX (5 μM) for 5 min. Treatments were terminated by addition of 5× gel loading buffer and then samples were boiled at 100°C for 5 min, briefly placed on ice, and stored at −80°C until processed for western analyses.
Western Blot Analyses
Tissue was homogenized and processed for western blots as previously described [39] . Proteins were separated by 10-12 % PAGE and transferred to PVDF membranes (Amersham). The membranes were incubated overnight at 4°C, or at room temperature for 2 h, with the following primary antibodies: rabbit anti-p-Cofilin Ser3 (1:2,000; #ab12886, Abcam), rabbit anti-p-PAK1,2,3 Thr423 (1:2,000; #2601, Cell Signaling), rabbit anti-p-PAK1,2,3 Ser141 (1:10,000; #44-940G, Invitrogen), mouse anti-p-ERK1/2 Thr202/Tyr204 (1:2,000; #9106, Cell Signaling), rabbit anti-GR (1:1,000; Santa Cruz), and mouse anti-actin (1:10,000; A1978, Sigma-Aldrich).
Statistical Analyses
For comparison of two groups the Student's t test was used. For comparison of three or more groups, a one-way ANOVA was performed followed by either Student-Newman-Keuls (SNK) or Tukey's test for post hoc comparisons; results of post hoc tests are given in figures where appropriate. For all cases, p<0.05 was considered significant.
Results
GR Localization to Pyramidal Cell Spine Synapses
In rat hippocampal field CA1, GR immunolabeling was localized to granules both within the pyramidal cell perikarya and rather evenly distributed across the dendritic fields. Because previous reports have shown an enrichment of GRs in the septal pole of hippocampus [16] , the possibility of GR localization at excitatory spine synapses was assessed in sections through rostral hippocampus and, specifically, within the apical, stratum radiatum of field CA1. Tissue sections were processed for dual immunofluorescence localization of GR and the excitatory synapse scaffold protein PSD95; in CA1 str. radiatum PSD95 is concentrated exclusively at excitatory spine synapses [40, 41] . As shown in Fig. 1a (left) , both single-labeled and double-labeled puncta were observed. Counts of labeled elements within the size constraints of synaptic components revealed that of the GRimmunopositive (+) puncta, 36±6 % were colocalized with PSD95 (Fig. 1a, right ) thereby indicating that a substantial portion of the receptor pool is present in the postsynaptic compartment of excitatory synapses. Of the PSD95+ synapses, 13±2 % contained GR-immunoreactivity (ir).
Similar analysis of GR localization in sections through C57BL/6 mouse hippocampus demonstrated that, in these animals, 15±1 % of PDS95+ synapses contained GR-ir whereas 15±4 % of GR+ puncta were colocalized with PSD95.
To assess the degree to which GRs are localized to presynaptic elements and lipid rafts, tissue sections through rat hippocampus were evaluated for the colocalization of GR with synaptophysin and flotillin, respectively. Of the GR+ puncta in CA1 str. radiatum, 19±5 % were synaptophysin+ and 28±4 % were flotillin+ indicating rather comparable GR distribution across the three cellular compartments evaluated.
Localization of Dendritic GR-ir in GFP-Expressing Hippocampal Neurons
PSD95 is concentrated at spine synapses in field CA1 [42, 43] . Thus, the colocalization of GR and PSD95 (above) indicates that the GRs are, at least in part, localized to spines in hippocampus proper. To verify this, tissue from Thy1-GFPm mice, which express GFP in scattered hippocampal pyramidal neurons under control of the Thy-1 promoter [25] , was processed for dual (GFP/GR) immunofluorescence and 3D reconstruction of immunolabeled secondary dendrites in field CA1. Confocal image Z-stacks were collected of GFP-labeled dendrites (green) containing anti-GR labeled elements (red), and 3D builds were generated (Fig. 1b-f ). As shown in Fig. 1g -k, GR+ puncta were distributed to both the shafts and spines of labeled dendrites. Within spines, the placement of GR+ puncta varied but included some situated at the tip of the spine head (Fig. 1g, i) and others along the sides of the spines (Fig. 1h) . Occasionally, GR+ puncta were localized within spine necks (Fig. 1j, asterisk) . The number of GR+ puncta contained within spines for seven separate dendritic builds (each 50 μm long) were quantified. Of the 1041 spines, 169 had GR+ puncta in the heads; this represented 16.0± 2.9 % of the total spines per dendritic span evaluated and is consistent with the GR/PSD95 colocalization result (Fig. 1a) . Further, 87 of the spines (9.9±3.1 % of spines per dendrite) had GR+ puncta in their necks; the association of these GR+ clusters with postsynaptic elements was likely not detected in the GR/PSD95 colocalization analysis (described above) because of the physical separation between PSD95-ir at the synaptic active zone and the GR-ir in the spine neck. Finally, less than 2 % of all spines analyzed contained more than one GR-immunoreactive puncta. Together, counts from the 3D builds demonstrate that 23.9±2.6 % of the spines on CA1 pyramidal cell secondary dendrites contain GR aggregates. Fig. 1 Glucocorticoid receptor (GR) aggregates are localized to dendritic spines. a Left Deconvolved, wide-field images of rat CA1 str. radiatum show immunolabeling for GR (left; red), PSD95 (middle; green), and a "merge" of the two (right). Both single-labeled (open arrow) and double-labeled (filled arrowheads) puncta are observed (bar 010 μm); inset shows one double-labeled element (bar 0 0.5 μm). Right Bar graph shows quantification of single-and doublelabeled puncta expressed as percent of the total population of elements labeled for the same antigen (mean±SEM values; n05 brains). b-k Dual immunofluorescence and 3D renderings of elements within confocal image Z-stacks that were used to localize GR-immunoreactivity (ir) (red) in GFP-labeled dendrites (green) of mouse CA1 pyramidal cells (str. radiatum). b Rendering of multiple GFP-labeled dendrites shows that small GR-immunopositive (+) puncta are broadly but sparsely scattered throughout (bar05 μm). c-f Images show stages in the process by which GR immunolabeling was visualized. Using Imaris software, the green channel showing GFP labeling (c) was first processed for 3D rendering (d). The 3D build was then used as a mask for the red channel (e) and all red not encompassed by the build was digitally removed for easier visualization of GR-ir within GFP-labeled structures (f; bars02 μm). g, h High magnification images show examples of spines on secondary dendrites that contained GR+ puncta (arrows): the GR+ patches are present both at the head (g, arrow) and along the sides (h, arrow) of spines, as well as within the dendritic shaft (g, asterisk; bars01 μm). i-k 3D builds of a secondary dendrite containing GR+ puncta in spines and the dendritic shaft. In j, the image of the GFP-labeled dendrite was made semi-transparent to allow for better visualization of GR+ puncta within its depth; arrow shows a large GR+ element positioned at the spine surface. Note the presence of puncta in spine necks (asterisk). In k, color-coding of GRimmunofluorescence intensity (red0lower, yellow0higher; see bar at upper right) shows that the larger puncta have greater immunolabeling (bar00.5 μm)
Group 1 mGluR Activation Increases GR Content in Synaptoneurosomes
Recent work suggests that GRα mRNA may be cargo of FMRP [12] , a regulator of group 1 mGluR-dependent local protein synthesis in spines [44] . Accordingly, we tested the prediction that group 1 mGluR stimulation would influence synaptic GR content using rat synaptoneurosomes (SNS), a preparation enriched in both pre-and postsynaptic elements [39] . Treatment of SNS with the group 1 agonist (RS)
FMRP Expression Influences Spine GR Levels
In addition to regulating local protein synthesis, FMRP is involved in the transport of mRNAs into dendrites and spines [45, 46] . In mice lacking FMRP expression, due to a knockout of the Fmr1 gene (i.e., Fmr1-KO), GR-ir in dendrites of hippocampal CA1 neurons is reportedly concentrated near the cell bodies suggesting that normal GR distributions depend on FMRP-transport functions [12] . Accordingly, we tested if the association of GR with PSD95+ excitatory synapses is disturbed in hippocampus of Fmr1-KO mice (although PSD95 translation is in part regulated by FMRP [47] , previous work found no difference in the number of PSD95+ synapses in CA1 str. radiatum of Fmr1-KO and wild-type mice [30] ). As shown in Fig. 2b , we found no difference in the association of GR-ir with PSD95+ elements in CA1 str. radiatum of Fmr1-KOs and wild-type mice: about 15 % of the PSD95+ synapses was associated with GR-ir in both genotypes. Moreover, of the GR+ puncta, about 15 % was double-labeled for PSD95 in both genotypes; it should be noted that the proportion of GR+ elements colocalized with PSD95 in CA1 str. radiatum differs between mice (∼15 %) and rats (over 30 %).
Next, we examined the volumes of GR+ puncta that were colocalized with PSD95 in CA1 str. radiatum of Fmr1-KO and WT mice. As shown in cumulative volume distributions presented in Fig. 2c , the GR+ elements associated with PSD95 were smaller (i.e., volume distributions were shifted to the left) in Fmr1-KO as compared to WT tissue. By contrast, the volume distributions of PSD95+ puncta (both single-and double-labeled) in these same sample fields did not differ between genotypes (p>0.05). Notably, the GR-ir puncta not associated with PSD95 exhibited no volumetric differences between genotypes. These data suggest that while the numbers of PSD95+ spine synapses associated GR is not influenced by FMRP, the GR content of those spines reflects the presence of FMRP and is abnormally low in its absence.
Glucocorticoid-Mediated Signaling to Actin Regulatory Proteins
Glucocorticoids are known to affect the actin cytoskeleton in diverse non-neuronal cell types, but little is known about the degree to which this occurs in neurons or the mechanisms involved. This possibility is of particular interest regarding the spine actin cytoskeleton as recent studies have shown that spine actin remodeling is critical for the stabilization of hippocampal LTP and hippocampus-dependent memory formation [20, 27, 33, 48] , two processes that are Fig. 2 Spine GR levels are regulated by group 1 mGluRs and reduced in Fmr1-KOs. a At the top, western blot analyses shows GRimmunoreactivity in rat synaptoneurosomes treated (5 min) with the group 1 mGluR agonist DHPG ("D") and their corresponding vehiclecontrols ("C"). Below, plot shows quantification of GRimmunoreactivity (normalized to actin; n04/group): 5 min of DHPG treatment significantly increased GR content (*p00.0423, Student's t test). b Bar graph shows quantification of double-immunolabeled (GR/ PSD95) puncta in CA1 str. radiatum of Fmr1-KO (KO) and wild-type (WT) mice (n03/genotype): counts are expressed as percent of either total GR-immunopositive (+) or total PSD95+ puncta. As shown, there was no difference in numbers of GR+ spines between genotypes. c Cumulative frequency distributions for volumes (μm 3 ) of GR-ir puncta localized to PSD95+ spine synapses (left plot). As shown, the GR+ puncta size distribution is shifted to the left in KO as compared to WT spines, denoting smaller GR aggregates in the mutants. Right plot shows individual animal means at the 80th percentile for GR+ and PSD95+ elements in double-labeled spines: volumes of GR+ puncta were significantly smaller in KOs vs WTs (*p00.03, Student's t test), whereas volumes of PSD95-ir puncta, for the same spines, did not differ between genotypes modulated by stress and GR stimulation [13, 49] . We evaluated the effects of the synthetic glucocorticoid DEX on activation of several actin regulatory proteins first using cultured hippocampal slices and western blotting to gain insights into the general effects of this hormone on the target proteins. Slices were prepared from P8-9 rat pups and treated with DEX after 10-12 days in vitro; whole slice homogenates were then evaluated for treatment effects on levels of phosphorylated cofilin Ser3, p21-activated kinase (PAK) Ser141, and extracellular signal-regulated kinase 1/2 (ERK1/2; a.k.a. p44/42 MAPK) Thr202/Tyr204. The actin severing protein cofilin is inactivated by Ser3 phosphorylation thereby allowing further elongation of polymerizing actin filaments [50] . PAK is a downstream effector of the Rho GTPase Rac1 and is involved in F-actin stabilization through effects on downstream proteins (see [27] ). PAK is activated by phosphorylation at Ser141 and then Thr423; the phospho-specific antisera to PAK used here recognize conserved sites in PAKs 1-3. The serine kinase ERK1/2 regulates activities of the cortactin/Arp2/3 complex and, thereby, F-actin stabilization and branching [51] [52] [53] , and ERK1/2 has been shown to positively regulate actin polymerization in supraoptic neurons [54] . All three signaling markers (cofilin, PAK, ERK) are implicated in activity-induced spine actin remodeling and LTP [19, 27, 55, 56] .
DEX treatment induced a marked increase in pCofilin in whole slice homogenates that was evident at 15 min and significant from 30 min to 1 h of treatment (Fig. 3a, b) . DEX more modestly increased pERK1/2 at 15 and 30 min with levels returning to control values by 1 h (Fig. 3a, c) , but had no detectable effects on pPAK Thr423 (Fig. 3b) or pPAK S141 (not shown).
These results indicate that glucocorticoids engage actin regulatory pathways in hippocampus but do not address the extent to which this occurs in dendritic spines. Therefore, to further interrogate glucocorticoid actions on actin regulation in spines, the effects of DEX on the same signaling proteins were evaluated in synaptoneurosomal preparations. As shown in Fig. 4a , a 5-min DEX treatment increased SNS pERK1/2 levels by 62 % as compared to vehicle-controls (p<0.001, Tukey's); this increase was rapidly transient and had fully dissipated in samples collected 15 or 30 min after treatment onset. The effect of DEX on pERK1/2 was blocked by pretreatment with the GR antagonist RU-486 (p00.1635 vs control, t test) verifying that it was indeed mediated by GRs (Fig. 4b) . DEX had no effect on SNS levels of pPAK Ser141 or pCofilin at any time point examined (Fig. 4a) .
Because ERK1/2 is localized to both presynaptic and postsynaptic elements, and work has shown that mineralocorticoid receptors activate ERK1/2 in the presynaptic compartment [57] , we further tested the effect of DEX on spine pERK1/2 levels using adult rat hippocampal slices and dualimmunofluorescence localization of pERK1/2 Thr202/ Tyr204 and PSD95 (Fig. 5a) ; labeled puncta were quantified in CA1 str. radiatum. As shown in Fig. 5b, 5 μM DEX treatment significantly increased numbers of PSD95+ puncta containing pERK1/2 at 5 min; this timing is consistent with the results obtained in SNS (Fig. 4a) . At 15 and 30 min, numbers of doubled-labeled puncta were not significantly different from controls.
The disparity between the effects of DEX on pCofilin levels in whole hippocampal slice homogenates (an increase) and SNS (no effect) led us to test if DEX influences pCofilin levels in spines in situ (as opposed to within the reduced SNS preparation). Adult rat hippocampal slices were treated with 5 μM DEX for 5, 15, or 30 min, processed for immunofluorescence, and the number of PSD95+ elements associated with pCofilin-ir in CA1 str. radiatum was quantified. As shown in Fig. 5c , DEX treatment reduced the percent of PSD95+ synapses containing pCofilin-ir; although levels were lower at all time points following treatment, the 15-min time point exhibited a significant (∼46 %) , and on pERK1/2 (c) levels; measures of western blot band densities were normalized to actin content (for the same blot and lane) and were then expressed as percent of paired control values. As shown, DEX treatment increased levels of pCofilin and pERK but had no effect on pPAK (*p<0.05; **p<0.01 vs control, SNK post hoc test; n015/group) reduction in pCofilin-containing synapses compared to control values (p<0.01, SNK). Finally, it should be noted that the reduction occurs in a small population of spines (the percent of PSD95+ puncta containing pCofilin was ∼5 % in control slices), and this may account for the failure to detect the effect in SNS as measured by western blotting.
Discussion
While there is evidence that glucocorticoids can elicit striking effects on spines of hippocampal CA1 neurons [11, 35] , there has been little information on the degree to which the glucocorticoid receptors are present in these spines in vivo. Results of the present studies demonstrate that GRs are indeed localized to dendritic spines of adult CA1 pyramidal cells in both rat and mouse. The results of separate analyses using GR+ PSD95 double-immunolabeling and 3D reconstructions to localize GR-ir within GFP-positive dendrites and spines were complementary and showed that ∼15-25 % of spines in CA1 stratum radiatum contain GR-ir, with approximately 14 % of the GR+ aggregates localized to spine heads and 11 % to spine necks. Interestingly, some GR-immunoreactive puncta were situated adjacent to the spine surface consistent with reports that GRs may be membrane bound in addition to being present within the cytoplasm [58] [59] [60] . The present results also indicate that (a) GR protein is translated in spines in response to group 1 mGluR activation and (b) spine levels of GR-ir (i.e., the volumes of GR+ aggregates) are reduced in mice lacking the translational regulator FMRP. Both findings are consistent with a recent report indicating that GRα mRNA is a cargo of FMRP [12] , a protein that transports mRNA into dendrites and spines and regulates local protein synthesis upon group 1 mGluR activation ( [44] for review). Thus, the collective findings indicate that GR protein is synthesized in spines and this occurs, in part, via an FMRP-dependent local protein synthesis mechanism. As mGluR-dependent local protein synthesis occurs within minutes [61] , such a mechanism could allow for rapid changes in spine GR levels and more dynamic responsivity to glucocorticoids.
Glucocorticoids influence signaling to the actin cytoskeleton in a number of cell types by acting on the small Rho Fig. 4 DEX increases pERK1/2, but not pCofilin or pPAK, in synaptoneurosomes (SNSs). a Bar graph shows the effect of 5 μM DEX treatment for 5, 15, or 30 min on pERK, pCofilin, and pPAK levels: DEX increased pERK (42 kDa protein measures) at 5 min but had no effect on pCofilin or pPAK at any time point (**p<0.001 vs control, SNK post hoc test; n05/group). b Top, representative blots of pERK (42 kDa band shown) and pCofilin immunoreactivities from control and 5 min DEX-treated SNSs. DEX increased pERK but not pCofilin levels; RU-486 blocked the DEX effect on pERK. Bottom, bar graph shows quantitative results for these experiments (*p<0.01 vs control, SNK post hoc test; n08-12/group); band measures were normalized to sample actin levels from same blot and expressed as percent of respective controls GTPases. For example, prolonged (3 days) treatment of podocytes with the specific GR agonist DEX selectively increases levels of activated (GTP-bound) RhoA, but not Rac [21] ; the latter result is consistent with our finding that DEX has no effect on phosphorylation of PAK, a downstream effector of Rac, in either the hippocampal slice cultures or synaptoneurosome preparations. Further, prolonged DEX treatment of Con8 (mammary epithelial tumor) cells is reported to influence the activity of RhoA effectors ROCK 1 and 2 [22] , which activate LIM kinase leading to cofilin phosphorylation. Cofilin acts to sever and depolymerize actin but upon phosphorylation becomes deactivated, thus promoting actin polymerization [50] . In line with these observations, we find that acute DEX treatment causes marked and rapid (within 30 min) increases in total pCofilin levels in hippocampal slice cultures as determined by western blot analysis of whole tissue homogenates. These results demonstrate that, in general, glucocorticoids engage the RhoA>> cofilin signaling pathway involved in regulating actin polymerization but do not provide information on the hippocampal region, or cellular compartment, of the DEX-induced pCofilin increases; thus, increases could reflect broadly distributed elevations in phospho-protein levels across different hippocampal strata, or effects limited to a subfield or specific cell type. Regarding the later point, excess exposure to glucocorticoids over days has pronounced structural effects on hippocampal CA3 neurons including reduced dendritic branching and neuronal loss, with little-to-no effects on CA1 neurons [62] [63] [64] . It is possible then that the DEX-induced increases in total pCofilin content in hippocampal slice cultures reflect selective actions on field CA3 and, in particular, a compensatory mechanism promoting actin polymerization for cell structure maintenance in response to short-term glucocorticoid exposure. Further studies are needed to determine if this is the case, and if DEX effects on pCofilin are greater in cells that are particularly vulnerable to excessive glucocorticoids.
Semi-chronic stress and/or elevations in glucocorticoids have been shown to increase levels of pERK1/2 via activation of the Rho GTPases Ras/Raf [65] ; pERK1/2 contributes to F-actin stabilization and arrangement. In particular, Lee et al. [66] found that stress (2 h/day for 7 days) increased total pERK1/2 levels in several rat brain regions including hippocampus; similarly Yang et al. [65] found increases following 1 h of tail-shock stress. Munhoz et al. [67] showed that in rat several days of elevated circulating corticosterone, equivalent to effects of a moderate stressor, increased ERK1/2 phosphorylation in neocortex and hippocampus. In accord with these reports, we found that DEX treatment of hippocampal slice cultures increased total pERK1/2 content. Importantly, the present data also demonstrate that these effects are rapid, occurring within minutes.
Glucocorticoid receptor agonists have rapid and profound effects on dendritic spine density and morphology. DEX induces a rapid (within 1 h) increase in spine density on secondary dendrites of hippocampal CA1 pyramidal neurons, with select increases in thin and mushroom type spines [11] . This effect is not protein synthesis dependent but is blocked by both the specific GR inhibitor RU-486 and NMDA receptor antagonism, supporting the conclusion that effects on spine morphology are non-genomic and mediated by local GR functions. Thus, glucocorticoids can clearly influence both spine morphology and number, but the question remained as to how this occurs beyond the potential involvement of NMDA receptors. With this in mind, the present studies first Fig. 6 Schematic showing actin cytoskeleton signaling pathways in adult hippocampal spines (see [19] ) and the proposed mechanisms by which the glucocorticoid receptor (GR) affects actin assembly and stabilization. The GR is represented as being both membrane bound (mb) and in the cytoplasm (c; see [58] ). Shown are the major Rho GTPase signaling pathways involved in regulating spine F-actin assembly and stabilization. Activation of RhoA leads to the phosphorylation of cofilin which blocks its constitutive F-actin severing activities thus promoting filament assembly (i.e., polymerization). Newly polymerized actin undergoes "treadmilling," a process whereby actin monomers are continuously removed from one end and added to the other end of the filaments, prior to stabilization by processes that involve activation of Cdc42/Rac and Ras/Raf pathways. The present results demonstrate that in spines DEX-induced GR activation reduces levels of phosphorylated cofilin, which is downstream of the Rho GTPase RhoA and it's effector ROCK; the exact mechanism by which this negative (−) action occurs is not known, but could arise through inhibition of RhoA or its downstream effectors, or activation of phosphatases (not shown). By comparison, the estrogen receptor (ER) markedly facilitates (+) activation of RhoA and increases phosphorylated cofilin levels and actin polymerization in adult hippocampal spines [68] . Recent work showing that dephosphorylation of cofilin reduces GR activation [70] also is illustrated (gray pathway), although this negative feedback mechanism has not been confirmed in spines. GR activation also increases spine levels of phosphorylated ERK1/2, possibly via the activation of Rho GTPases Ras/Raf, which can affect both actin stabilization via cortactin and actin rearrangement via myosin light chain kinase (MLCK) and its effects on myosin. Activation of GR does not increase pPAK suggesting that the receptor does not influence the Cdc42/Rac> PAK pathway determined the degree to which GRs are present in hippocampal CA1 spines and then demonstrated that synaptic levels of this receptor are regulated by group 1 mGluR-and FMRPdependent mechanisms. Thus, in the hippocampal CA1 field, GRs are positioned to rapidly influence spine populations, a process that we posited might occur through influences on actin regulatory signaling pathways shown to effect and stabilize spine cytoskeletal changes in this field (Fig. 6) [19] .
The present results confirm that acting through the GRs, DEX modulates spine actin regulatory signaling. Immunohistochemical analyses showed that acute DEX treatment of adult hippocampal slices significantly reduced the number of spines containing pCofilin-ir in CA1 str. radiatum. This finding was not evident with western blot analysis of whole slice homogenates (which showed an increase in total pCofilin content), thereby suggesting the intriguing possibility that glucocorticoid effects on F-actin may differ across subfields and/or cellular compartments; reduced pCofilin in field CA1 spines would promote local actin severing whereas elevated pCofilin elsewhere would promote actin polymerization. It is interesting to note that unlike the effect of DEX, LTP-inducing stimulation increases numbers of hippocampal spines containing pCofilin in field CA1 [19, 27, 68] . The LTP studies have further shown that activityinduced increases in cofilin phosphorylation are mediated by activation of RhoA and ROCK (Fig. 6) [19] . Taken together, the present results suggest that glucocorticoids could modulate the responsivity of the RhoA>> cofilin pathway engaged by other receptors, including those that facilitate LTP, to influence spine F-actin polymerization. Activation of the estrogen receptor increases actin polymerization in adult hippocampal spines through activation of RhoA>> cofilin signaling (Fig. 6 ) and facilitates LTP [68, 69] . The GRs could modulate the effects of estrogen receptors on spine actin by depressing pCofilin content. While the mechanism(s) through which the glucocorticoids reduce cofilin phosphorylation in spines remains to be determined, it could involve either inhibition of RhoA or ROCK activity or activation of phosphatases. Finally, recent work suggests that the phosphorylation state of cofilin can reciprocally affect GR activation; work in HeLA cells demonstrates that cofilin in its unphosphorylated state inhibits GR activation thus providing a negative feedback loop to regulate local GR signaling [70] . Whether this mechanism also is present in spines remains to be determined.
The second spine actin regulatory pathway affected by glucocorticoids involves ERK1/2. Like Rac> PAK signaling [71] , pERK1/2 activates cortactin [51] , an actin binding protein shown to stabilize F-actin [53] (Fig. 6 ). Another target of pERK1/2 is myosin light chain kinase (MLCK) which activates myosin thereby promoting its interaction with F-actin and leading to actin rearrangement [72] . DEX treatment of synaptoneurosomes caused marked (∼50 %) increases in phosphorylation of ERK1/2 within minutes, and this effect was blocked by RU-486. Thus, glucocorticoids acting through GRs facilitate the activity of a protein that works to both stabilize and rearrange spine F-actin; such actions are likely to promote spinogenesis, and are consistent with the observation that GRs play a role in cortical spine formation but not elimination [36] . However, because DEX had opposite effects on ERK1/2 and cofilin phosphorylation in spines, it is possible that the overall effect of glucocorticoids at synapses could favor less synaptic plasticity (i.e., less polymerization relative to stabilization of actin filaments). While some have found that high levels of glucocorticoids inhibit hippocampal field CA1 LTP and other forms of potentiation ( [37] ; see [38] for review), this idea needs further testing to determine if (a) spine F-actin is more stable and less vulnerable to disruption following glucocorticoid treatment and (b) the effects described here, elicited by high stress levels of glucocorticoids, are also obtained with lower doses. The latter point is of particular interest because low levels of stress are generally observed to facilitate learning [73] [74] [75] [76] . Therefore, it will be important to determine if low doses of glucocorticoids or low levels of stress tip the balance of spine actin regulatory signaling toward favoring actin polymerization, a critical first step in synaptic plasticity. Finally, as the mineralocorticoid receptor has been reported to engage the postsynaptic ERK1/2 pathway in CA1 pyramidal cells [57] , future studies are needed to address the degree to which the glucocorticoid and mineralocorticoid receptors influence this signaling pathway, and the consequence of this convergent regulation on spine actin dynamics.
